ABSTRACT The sand ßy Lutzomyia longipalpis Lutz & Neiva (Diptera: Psychodidae: Phlebotominae), the main vector of Leishmania infantum in the Americas, is believed to be a species complex, although the status of different Brazilian populations is still somewhat unclear. Preliminary analysis of the acoustic signals that are produced during copulation by L. longipalpis males has suggested the existence of three sibling species in Brazil. In the current report, we analyze in more detail a number of parameters of the copulatory courtship songs of L. longipalpis males from four allopatric populations from different parts of the country (Marajó Island, Natal, Jacobina, and Lapinha Cave) and from two sympatric populations from the locality of Sobral, where two types of males can be differentiated by the number of pale spots (one or two pairs) found on the abdomen. We show that males from the localities of Natal, Marajó , and Sobral (two-spot morph) have very similar songs composed of successive bursts, which are modulated in frequency and amplitude. No signiÞcant differences were found in the song parameters of these three populations. In contrast, one-spot males from Sobral and males from Jacobina and Lapinha produce songs that are made of pulses but with distinct patterns for each population and signiÞcant differences in all song parameters studied. The results suggest that the L. longipalpis complex in Brazil is composed of four sibling species and that the differences in song patterns between the populations are consistent with the level of divergence found in the period gene.
THE SAND FLY Lutzomyia longipalpis Lutz & Neiva (Diptera: Psychodidae: Phlebotominae), the most important New World vector of Leishmania infantum chagasi, the etiological agent of American visceral leishmaniasis, has an extensive distribution ranging from northern Argentina to Mexico (Young and Duncan 1994) . Since Mangabeira (1969) Þrst reported variation in the number of male abdominal spots in some populations from Brazil, a number of studies have presented compelling evidence for the existence of a species complex (Ward et al. 1983 (Ward et al. , 1988 Lanzaro et al. 1993; Dujardin et al. 1997; Lampo et al. 1999 , Uribe 1999 Yin et al. 1999; Arrivillaga and Feliciangeli 2001; Soto et al. 2001; Arrivillaga et al. 2002 Arrivillaga et al. , 2003 Bauzer et al. 2002a, b; Souza et al. 2002a, b; Maingon et al. 2003; Bottecchia et al. 2004) . In Brazil, isoenzyme analyses (Mukhopadhyay et al. 1998 , Azevedo et al. 2000 , Arrivillaga et al. 2003 produced results that were inconsistent with previously published data from pheromonal and hybridization experiments (Ward et al. 1983 (Ward et al. , 1988 Hamilton et al. 1999a, b) . More recently, the use of different molecular markers (Bauzer et al. 2002a, b; Maingon et al. 2003; Bottecchia et al. 2004 ) have strongly supported the species complex hypothesis. Nevertheless, the status of the different Brazilian populations is not well established, and the available mitochondrial DNA data (Soto et al. 2001; Arrivillaga et al. 2002 Arrivillaga et al. , 2003 Hodgkinson et al. 2003) indicate that the lineages from Brazil are probably recent.
Males of L. longipalpis vibrate their wings during copulation, and a preliminary analysis of these acoustic signals seems to support the existence of three sibling species in Brazil ). We extended this initial study and analyzed in more detail a number of parameters of the copulatory courtship songs in samples from the localities of Marajó Island (in the Brazilian State of Pará), Natal (Rio Grande do Norte), Jacobina (Bahia), and Lapinha Cave (Minas Gerais), all of which are Ͼ800 km distant from each other. In addition, we also examined the songs of males from two sympatric populations from the locality of Sobral (State of Ceará). Males of these two populations differ in the number of pale spots (one or two pairs) found on the abdomen, and they produce two types of pheromones (Ward et al. 1988) . Laboratory colonies established from these two sympatric populations show reproductive isolation in the form of very reduced insemination rates (Ward et al. 1988) , and their sibling species status was recently conÞrmed by molecular analysis of the behavioral genes period (Bauzer et al. 2002a ) and cacophony (Bottecchia et al. 2004) as well as by microsatellites (Maingon et al. 2003) . Here, we show that their copulatory courtship songs are in fact very different. Moreover, we show that there are probably four sibling species in Brazil and that the differences in songs are consistent with the molecular divergence at the period locus among the six populations studied.
Materials and Methods
Analyses of sand ßy male copulatory courtship songs were carried out by adapting methodology used for Drosophila (Peixoto and Hall 1998) . Males and females of L. longipalpis make sounds during courtship (Ward et al. 1988 ) but only males vibrate their wings during copulation to produce very distinct songs.
Recordings were made using an INSECTAVOX (Gorczyca and Hall 1987) , a Sony Hi8 CCD-TRV65 videocamera, and a Sony SLV-77HFBR VCR. Songs were digitized on a CED 1401 and analyzed using Spike 2 software (version 4.08), both from Cambridge Electronic Design, United Kingdom. The recordings were carried out at 26ЊC Ϯ 1ЊC by using virgin males and females 4 Ð 8 d old from the F1 of wild-collected females or recently established laboratory colonies of L. longipalpis from the Brazilian localities of Jacobina (11Њ 11Ј S, 40Њ 32Ј W), Lapinha Cave (19Њ 38Ј S, 43Њ 53Ј W), Natal (5Њ 48Ј S, 35Њ 13Ј W), Marajó Island (0Њ 28Ј N, 49Њ 8Ј W), and Sobral (3Њ 41Ј S, 40Њ 20Ј W). Each couple was recorded for Ϸ4 Ð10 min. If copulation was not initiated within 4 Ð5 min of recording, then the male or the couple was replaced. The following parameters of sand ßy copulatory courtship songs were measured: interpulse (IPI) or interburst interval (IBI), number of pulses or bursts per train (NT), train length (LT), cycles per pulse (CPP), and carrier frequency of train (FREQ). Statistical analysis was carried out using STATISTICA for Windows software (version 5, StatSoft, Inc., Tulsa, OK). The L. longipalpis period gene sequences from Marajó Island (Mar01A, Mar01B, Mar02, Mar03, and Mar11) were obtained using the methods described in Bauzer et al. (2002b) and Fst analysis (Hudson et al. 1992 ) was carried out using the ProSeq software (Filatov and Charlesworth 1999) . The sequences have been submitted to GenBank (accession nos. AY534321, AY534322, AY534323, and AY534324 to AY534325). 
Results
The songs of all populations have two main components, a "primary" song produced by all males during copulation that shows remarkable differences among some of the populations ( Fig. 1; see below) , and a "secondary" song composed of low amplitude polycyclic pulses with very variable intervals that is produced by most males. This latter song is usually found between two trains of the primary song and is, at least superÞcially, very similar among males from different localities, and is not discussed further.
Copulatory courtship song analysis of L. longipalpis males from the localities of Natal, Marajó , and Sobral 2S (two-spot morph) indicate that they have very similar songs composed of trains lasting Ϸ2.5 s and usually containing from 10 to 15 bursts, which are modulated in frequency and amplitude. Figure 2 shows examples of 1-s song traces of each population and Table 1 shows the mean (ϮSEM) IBI, NT, TL, and FREQ. The values for the three populations are not signiÞcantly different (see below).
In contrast to the "burst" songs mentioned above, one-spot males from Sobral (Sobral 1S) and males from Jacobina and Lapinha generate songs that are made of trains of pulses, even though each population shows a speciÞc song pattern. Examples of 1-s song traces are shown in Fig. 3 and the mean values (ϮSEM) for IPI, NT, TL, FREQ, and, in this case, CPP for these three populations, are shown in Table 2 . The songs of Jacobina males are composed of trains of Ϸ45 pulses with a mean IPI of 51.8 ms and usually two or three cycles per pulse. Lapinha songs differ from Jacobina mainly by the presence of polycyclic pulses (mean CPP ϭ 6.2) interspersed between the nearly monocyclic pulses (mean CPP ϭ 1.4). The trains in Lapinha also tend to last longer (3.3 s against 2.3 s, t ϭ Ϫ3.843, P Ͻ 0.01), have a longer mean IPI (57.3 ms; t ϭ Ϫ2.772, P Ͻ 0.05), and a higher number of pulses per train (58.1; t ϭ Ϫ3.163, P Ͻ 0.01). The songs of Sobral 1S males however, are characterized by an almost perfect alternation of high-and low-amplitude pulses. Compared with Jacobina, Sobral 1S songs have a longer mean IPI (65.6 ms; t ϭ Ϫ7.999, P Ͻ 0.001) but the trains tend to be shorter with a smaller number of pulses per train (32.3; t ϭ 3.923; P Ͻ 0.01).
Analysis of variance (ANOVA) of the song parameters IPI, NT, TL, and FREQ for all six populations shows highly signiÞcant differences (Table 3) . However, comparison among the three populations with burst type songs (Natal, Sobral 2S, and Marajó ) revealed no signiÞcant differences (Table 3) . However, signiÞcant differences were found in all song parameters studied (including CPP) when the three populations (Jacobina, Lapinha, and Sobral 1S) with pulse type songs were compared (Table 3) .
The results therefore show that the copulatory courtship songs in these six populations provide three levels of differences. First, as mentioned above, there is very little difference among the populations in the burst type songs. Second, the populations with pulse type songs present distinct patterns and signiÞcant differences in all song parameters. Finally, there is a clear separation between burst and pulse type songs with completely different song patterns and large differences in mean IPI/IBI, ranging from 200.8 to 229.9 ms in burst-type and from 51.8 to 65.6 ms in pulse-type and in mean NT, ranging from 11.1 to 13.7 in burst and from 32.3 to 58.1 in pulse songs.
To verify whether these levels of song differences are consistent with the genetic differentiation between the six populations we calculated the mean pairwise Fst indexes by using the data of Bauzer et al. (2002a, b) and new period gene sequences of L. longipalpis from Marajó Island. The Þrst column of Fig. 4 shows the mean pairwise Fst (ϮSEM) value for comparisons among the three populations with burst songs; the second column represents the value for the three populations with pulse songs; and the last shows the mean pairwise Fst between the populations with burst versus populations with pulse songs. The Þgure clearly indicates that the differentiation among populations with burst songs is about half that observed for the pulse song populations, and in fact the former pairwise Fst values are not signiÞcantly different from zero unlike those of the latter, which are all signiÞcant. Moreover, the differentiation between populations with the two types of songs is about twice that observed for pulse song populations. Song differences are therefore correlated with the genetic divergence at the period locus.
Discussion
Copulatory courtship songs, as those produced by sand ßies, also are found in other Diptera such as Drosophila . In fact, copulatory courtship is widespread in insects and is thought to be important in cryptic female choice (Eberhard 1994 (Eberhard , 1996 . The differences in copulatory courtship songs we observed among putative L. longipalpis siblings species might have a role in their sexual isolation. Although male wing vibration could conceivably be used solely to waft pheromones (see below), the striking song differences observed seem to argue against that. Playback experiments, such as those carried out in Drosophila (Ritchie et al. 1999) , could help demonstrating the relative importance of copulatory courtship songs and pheromones in the insemination failure after copulation observed in crosses among populations with different song types (see below). They also could be useful to determine whether the precopulatory simple bursts of sound males and females produce (Ward et al. 1988 ) have an important role in L. longipalpis sexual behavior. Unfortunately, that kind of experiment might be difÞcult to carry out in these insect vectors, which are much more difÞcult to rear than Drosophila. Mating experiments reveal very low insemination rates in crosses between populations of L. longipalpis carrying different types of male pheromones (Ward et al. 1983 (Ward et al. , 1988 ) and these results are consistent with Þndings presented here. Males from populations with burst-type copulatory courtship songs (Marajó , Natal, and Sobral 2S) produce a cembrene-like molecule, previously referred to as a diterpene (Ward et al. 1988 , whereas males from populations with pulse-type songs (Lapinha, Jacobina, and Sobral 1S) produce different types of homosesquiterpenes, previously referred to as farnasene/homofarnasenes (Ward et al. 1988 , Hamilton et al. 1999a . No evidence for reproductive isolation was observed in matings between populations producing cembrene-like pheromones and burst-type songs. However, insemination failure after copulation was observed in crosses between Marajó and either Lapinha or Sobral 1S; and also in crosses between Sobral 2S and either Sobral 1S or Jacobina (Ward et al. 1983 (Ward et al. , 1988 . In addition, recent experiments carried out using L. longipalpis from Jacobina, Lapinha, and Natal indicate strong postcopulatory reproductive isolation, probably due to insemination failure, in all pairwise crosses .
Despite the evidence mentioned above and recent molecular data from two nuclear genes (Bauzer et al. 2002a, b; Bottecchia et al. 2004 ) and microsatellite loci (Maingon et al. 2003 ) that strongly support the sibling species hypothesis, results obtained with isoenzymes and mitochondrial markers seem to indicate the existence of a single species in Brazil denominated L. longipalpis sensu stricto (Arrivillaga et al. 2003) . This discrepancy might simply reßect recent speciation events. It also could be the result of introgression because sexual isolation between the putative L. longipalpis siblings is not complete due to the partial sterility of the occasional hybrids (Ward et al. 1983 (Ward et al. , 1988 . In fact, introgression of mitochondrial DNA markers is often observed in closely related vector species (Besansky et al. 1994 , Donnelly et al. 2004 , including sand ßies (Marcondes et al. 1997) . Besides, the results of another study using mitochondrial DNA (Soto et al. 2001 ) question the conspeciÞc status of the Brazilian populations, and closer examination of the published isoenzyme data (Mukhopadhyay et al. 1998 , Azevedo et al. 2000 suggests the existence of lineages in Brazil corresponding approximately to the groups proposed here.
In summary, four kinds of song patterns, one bursttype song and three different pulse-type songs, were found among the six populations studied. These copulatory courtship song differences are not only consistent with the reproductive isolation and pheromone data mentioned above but also they are correlated with the genetic divergence at period, a gene controlling species-speciÞc song differences in Drosophila (Wheeler et al. 1991) that are important in the sexual isolation between closely related species Hall 1986, Ritchie et al. 1999 ). The results therefore suggest that the L. longipalpis complex in Brazil is probably composed of four sibling species, raising the question of their relative importance as vectors of L. infantum chagasi. 
